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ABSTRACT 
 
A process that combines polymer nanoreplica molding with horizontal dipping 
was used to fabricate large area (~3x5 in
2
) distributed feedback laser biosensors 
(DFBLB) on flexible plastic substrates, which were subsequently incorporated 
into standard format 96-well microplates.  A room temperature nanoreplica 
molding process was used to create subwavelength periodic grating structures, 
while a horizontal dipping process was used to apply a ~300 nm, dye-doped 
polymer film. In this work, the DFBLB emission wavelength, used to characterize 
the device uniformity, demonstrated a coefficient of variation (CV) of 0.41% over 
the fabricated device area, representing a thickness standard deviation of only ~35 
nm for the horizontal dipping process.   
The fabricated sensors were further characterized for sensitivity 
uniformity by measuring the bulk refractive index of the media exposed to the 
sensor surface and by measuring adsorption of biomolecular layers.  An assay for 
detection of the cytokine tumor necrosis factor-alpha (TNF-α) was used to 
demonstrate the operation of the sensor in the context of label-free detection of a 
disease biomarker.  The demonstrated capability represents an important step 
towards roll-to-roll manufacturability for this biosensor that simultaneously 
incorporates high sensitivity with excellent wavelength shift resolution, and 
adaptability to the microplate format that is ubiquitous in pharmaceutical 
research.  
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CHAPTER 1 
INTRODUCTION 
There is a continuing need to develop label-free detection methods that 
combine high sensitivity with high resolution for applications that include 
detection of low molecular weight analytes that bind to immobilized proteins, and 
the detection of protein analytes such as disease biomarkers that are present at low 
concentrations. While biosensors based upon optical resonators such as surface 
plasmon resonance (SPR) [1-3] and photonic crystal (PC) surfaces [4, 5] have 
been commercially available for several years, and demonstrated for a wide range 
of applications, there has been a strong effort to improve upon their resolution 
performance through the implementation of resonators with more narrow resonant 
bandwidths (higher quality factor, as defined by Q=0/0). Whispering gallery 
mode (WGM) resonators such as microrings [6-8], liquid-core optical rings [9, 
10], microspheres [11-13] and microtoroids [14, 15] are representative examples 
of passive high-Q resonators that have been implemented as biosensors. However, 
greater Q-factor is generally accompanied by reduced sensitivity, as measured by 
the magnitude of the wavelength shift obtained for adsorption of biomolecules. 
Furthermore, high Q-factor results in increased stringency for coupling light into 
the resonator, leading to a requirement for a precisely tunable wavelength 
excitation source that diminishes the applicability of high Q-factor resonators for 
high throughput measurements [16].  
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To be useful for applications in pharmaceutical high throughput screening 
(HTS), a biosensor technology must combine excellent uniformity, low-cost 
fabrication, compatibility with automated liquid handling equipment (for example, 
through incorporation into standard format microplates), robust detection 
instrumentation, and the ability to rapidly measure many sensors. Sensor 
uniformity is a key requirement for life science applications because replicate 
measurements are used to determine the standard deviation and coefficient of 
variance of assays, which in turn determines the statistical relevance of the data. 
Furthermore, sensor-to-sensor uniformity is of equal importance to  sensitivity in 
the determination of the Z-factor statistic [17] used to quantify the statistical 
quality of HTS data.  
Recently, Lu et al. demonstrated a distributed feedback laser biosensor 
(DFBLB) that represents a departure from previous optical biosensor approaches 
based upon passive resonators [18, 19]. The DFBLB is an active device that 
achieves high Q-factor through the process of stimulated emission, resulting in Q 
in the range 1x10
4
 to 2x10
5
 without a reduction in wavelength shift sensitivity. 
The DFB cavity is based on a second-order Bragg grating that supports a 
vertically emitting mode by first-order diffraction [20]. Lu et al. have previously 
demonstrated DFBLB devices that were fabricated upon glass and plastic 
substrates over small surface areas [18, 19], where the dye-doped polymer layer 
was deposited by spin coating, a process not compatible with roll-to-roll 
manufacturing. While the dimensions of the replica molded grating structure are 
highly uniform (as they are determined by the uniformity of the photolithography 
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and etching processes used to create the Si master wafer used for nanoreplica 
molding), the thickness of the dye-doped polymer layer has been found to 
determine the uniformity of both the DFBLB operating wavelength and the device 
sensitivity. Therefore, we have sought to develop alternative approaches for 
application of the dye-doped polymer layer, and have adopted a recently 
demonstrated approach known as “horizontal dipping” [21]. Horizontal dipping is 
compatible with roll-to-roll mass manufacturing because it is easily controlled, 
performed at room temperature, and does not require substrate rotation. The 
process parameters of the horizontal dipping process (blade height, fluid viscosity, 
dipping speed) can be controlled to accurately produce polymer thin films in the 
thickness range of ~0.2 - 3.0 µm [21, 22]. 
In this thesis, I demonstrate the extension of the nanoreplica molding and 
horizontal dipping process to large surface areas, enabling the fabrication of 3×5 
inch
2
 DFBLB active areas that are suitable for incorporation into standard format 
microplates. I have characterized both the short-range and long-range uniformity 
of the DFBLB operating wavelength, bulk refractive index sensitivity, and 
biolayer adsorption sensitivity. I also demonstrate the use of the DFBLB 
microplate for performing an antibody-antigen detection assay, through a dose-
response characterization of the cytokine tumor necrosis factor-alpha (TNF-α). 
The capabilities demonstrated in this work lay the foundations for the transition of 
this technology towards roll-to-roll manufacturing, and the ability to produce 
DFBLB microplates for applications in pharmaceutical screening and protein 
biomarker diagnostic assays. 
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It is important to obtain stable lasing wavelength readouts over periods of 
time, so that the small peak wavelength value (PWV) shifts caused either by small 
amount of molecules or low concentrations of proteins are distinguishable. To 
further increase the DFBLB stability, possible influence factors such as spatial 
averaging and pumping repetition rate were studied. It was found that higher 
pumping repetition rate and more spatial averaging points lead to lower noise of 
PWV readout. The noise, characterized by standard deviation of PWV over time, 
was calculated to be as small as 4 pm, which is promising for small molecule 
detection. 
The rest of the chapter is organized as follows. Section 1.1 briefly reviews 
several types of optical biosensors including SPR, PC and WGM. Section 1.2 
shows the structure of DFBLB and describes its working principle. 
1.1 Reviews on Optical Biosensors 
This section demonstrates the structure and working principle of the 
popular optical biosensors such as SPR, PC and WGM. Moreover, figures of 
merit for these biosensors are compared. For optical biosensors, the resonance 
phenomena, represented as either a dip or peak in reflection or transmission 
spectrum, are used to study the environmental refractive index change δn by 
monitoring the resonance angle shift δθ or the resonance wavelength shift δλ. 
Optical biosensors‟ performance can be evaluated by certain characteristic 
variables such as sensitivity, resolution, and detection limit (DL). Sensitivity is an 
important parameter to describe the biosensors‟ response to certain refractive 
index change. In spectral interrogation, it is common to define sensitivity as 
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         . Resolution is the smallest wavelength or angle shift that can be 
detected, which depends on various conditions such as random noise, drift and 
detection instrumentation. For optical biosensors, the random noise can be 
significantly reduced with narrow peak of high Q [23]. Detection of limit is the 
smallest refractive index change that can be monitored by the sensor, determined 
by DOL=Resolution/Sensitivity. This parameter is vital in terms of evaluating the 
capability of the sensor. Excellent DOL can be achieved either by reducing 
resolution or increasing sensitivity. More factors such as selectivity, cost and 
throughput are also need to be considered for excellent sensor designs. 
1.1.1 Surface plasmon resonance biosensors 
The surface plasmon resonance (SPR) biosensors utilizing surface 
plasmon polaritons (SPP) have been the most commercially successful label-free 
optical sensors since their invention in 1980. The sensor chip consists of a gold 
thin film ~100 nm. The SPP mode can be excited at the interface between gold 
(with permittivity εm <0) and dielectric medium (with permittivity εd >0) if the 
momentum of the incident light matches that of the SPP. If the light beam has 
wave vector    in vacuum and is impinging under angle θ to the surface normal, 
then the SPP momentum β=    
    
     
 is always larger than the in-plane 
momentum of the dielectric medium      , implying that direct incident light 
could not generate SPP mode. Several configurations are used to satisfy 
momentum matching conditions: prism coupling, grating coupling, fiber optics 
coupling and waveguide coupling.  
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Figure 1. Schema and principle of the prism coupling SPR biosensors. The polarized monochromatic light 
coupled into the glass-gold surface at one particular angle (resonance angle) and SPP mode was excited. The 
analyte was delivered through the flow channel and captured by the sensor‟s surface. Resonance angle shifts 
caused by analyte binding were recorded over time, which are shown in the insets [23]. 
Figure 1 shows the prism coupling configuration [24]. A beam reflected at 
the interface between the prism (with permittivity εp) and the metal, and it will 
have an in-plane momentum β=         , which is sufficient to excite SPPs at 
the interface between the metal and the sensing medium, given that the refractive 
index of the prism is larger than that of the sensing medium. The reflection 
spectrum in the right of Figure 1 shows a minimum in intensity, caused by the 
destructive interference between the SPPs and the reflected part of the excitation 
beam. The refractive index change of the sensing medium will cause change of 
the momentum-matching conditions, resulting in either incident angle or 
wavelength shift in the reflection spectrum. Therefore, the binding events that 
lead to refractive index changing can be monitored by studying the angular or 
wavelength shift in the spectrum. The evanescent electromagnetic field, which 
decays exponentially as the distance from the interface between metal and the 
 7 
 
dielectric, extends tens of nanometers into the metal side and hundreds of 
nanometers into the dielectric side, making the spectrum dip sensitive to the near-
surface refractive index change.  The reported sensitivity is as high as 1000 nm 
per refractive index unit (RIU) and detection limit is 2 10-7 RIU [25]. Although 
great efforts have been made over the past 30 years to improve its performance, 
the SPR biosensor has its disadvantages such as broad peak with low Q values 
(50~100), which means a relatively low resolution. In addition, the system is hard 
to implement in applications of high throughput screening.  
1.1.2 Photonic crystal biosensors 
Photonic crystal (PC) biosensors are periodic optical nanostructures. 
Cunningham et al. developed a unique type of PC biosensor that behaves as a 
narrow bandwidth guided mode resonance filter (GMRF). The sensor utilizes sub-
wavelength grating waveguide structure to provide a surface that, when 
illuminated with white light at normal incident angle, reflects only a very narrow 
band of wavelengths. When external light interacts with such sub-wavelength 
grating structure, only zeroth-order forward- and backward-diffracted light can 
propagate. However, periodicity also allows for phase-matching of higher order 
leaky modes (evanescent fields), which can destructively interfere with the 
diffracted light, resulting in a narrow „resonance‟ peak in reflectivity. The 
resonance wavelength is very sensitive to the near-surface refractive index change, 
as the evanescent fields are confined within ~100 nm range above the surface. 
Therefore, the interaction between proteins, protein-molecule pairs and DNA-
RNA complementary sequences near PC surface can be detected by monitoring 
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the PWV shift in the reflection spectrum. Compared with SPR biosensors, the PC 
biosensors have narrower peak with Q value ~1000. Moreover, they can be 
fabricated inexpensively in plastic format and have structure compatible with 
microplates, flat plates with multiple wells used as test tubes. Microplates are 
standard tools in pharmaceutical research and clinical testing, which typically 
have 6, 12, 24, 48, 96, 384 or even 1536 sample wells arranged in 2:3 rectangular 
matrix. Unique features such as low cost and compatibility with microplates make 
PC biosensors suitable for pharmaceutical high throughput screening. Figure 2 
shows a schema of the PC biosensors and reflectance spectrum. 
 
Figure 2. Schema and principle of the PC biosensors. White light was incident onto the grating surface and 
the vertically reflected light was detected by the spectrometer. The near-surface interactions would cause the 
resonance wavelength shift [26]. 
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1.1.3 Whispering gallery mode biosensors 
In whispering gallery mode (WGM) biosensors, light guided by total 
internal reflection recirculates in the sphere many times. Resonance occurs when 
the guided light drives itself coherently by returning in phase after each revolution 
2πrneff=mλ, where r is the radius of the sphere, neff is the effective RI, m is an 
arbitrary integer and λ is the wavelength corresponding to the trapped light. Such 
resonance can be revealed as a dip in transmission. Therefore, the near-surface 
binding events that will result in neff change can be monitored by detecting the 
resonance wavelength shift. One representative example of WGM biosensors is 
microsphere biosensors. Figure 3 shows the schema of the structure, the detection 
instrumentation and the spectrum of the microsphere biosensors, in which the 
bandwidth of the dip is inversely proportional to the energy decay time after the 
termination of the source.   The biggest advantage of the WGM biosensor is in its 
detection precision, which arises from the extremely small bandwidth, i.e. for 
microsphere, δλ~0.1 pm. While excellent resolution is obtained (Q~108), the 
sensitivity of the microsphere is relatively low, limited within 30~50 nm/RIU. 
The reported detection limit so far for microsphere is therefore limited to 10
-7 
RIU 
[27].  Moreover, the microsphere structure lacks the capability of mass production 
and integration with a fluidic system. Therefore, chip-based ring resonators are 
also implemented. However, their Q values are usually diminished to Q ~10
4
 by 
the surface roughness, although larger sensitivity ~200 nm/RIU is reported. 
Overall, they have a lower detection limit ~10
-4
 according to reported work [27]. 
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Figure 3. Schema of microsphere biosensors configuration, detection instrumentation and spectrum.  The 
tunable laser was used as the light source and a photodiode detected the transmitted light. The red rays 
represent the incoming coupling light as well as the recirculating light inside the resonators. [16].   
Finally, a table of figures of merit (Table 3.1), in terms of their sensitivity, 
Q value, and DL in bulk solution, is given as the comparisons for various optical 
biosensors. 
Table 1. Figure of merit for various optical biosensors 
Optical structures Bulk sensitivity 
 (nm/RIU) 
Q value Detection limit in bulk 
solution (RIU) [27] 
SPR ~1000 30~50 10
-5
~10
-7
 
PC (GMRF) ~200 ~10
3
 10
-7
 
Microspheres ~30 10
7
 10
-7
 
Ring on a chip ~200 10
4
-10
6
 10
-4
-10
-7
 
DFBLB ~100 10
6
 10
-7
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1.2 DFBLB Structure and Working Principle 
Unlike passive optical biosensors, the laser based biosensors show good 
performance of both high sensitivity ~100 nm/RIU and Q values ~10
5
, 
comparable with microsphere biosensors according to Table 1. Moreover, the 
organic DFBLB demonstrated in this work is fabricated by the replica molding 
and horizontal dipping process, which are compatible with roll-to-roll 
manufacturing.  
The optical cavity used for the DFB laser is a corrugated waveguide in 
which optical feedback is provided by the continuous coherent backscattering 
from the periodic material refractive index modulation. The resonance wavelength 
of the cavity is determined by the Bragg condition,  λ        , where m 
represents the diffraction order,      is the effective refractive index of the 
guidance layer, and   is the period of the structure. For a second-order DFB laser, 
the wavelength of the emitted light () is determined by the equation λ       . 
The effective refractive index is determined by both the index and thickness of 
guidance layer.  If this corrugated structure possesses gain, the optical cavity will 
generate lasing light through stimulated emission when it absorbs enough pumped 
energy. Here, the gain is provided by rhodamine 6G, which has emission peak 
around 590 nm. The period of the structure is designed to be 400 nm so that the 
resonance wavelength is within the gain spectrum of the dye.  The resonant light 
could be coupled out of the cavity by Brag diffraction,                 , 
where   is the diffraction mode,         is the wave vector of the light,   and 
   are the incident and diffracted angle separately to the normal of the surface  
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(        for the initially generated lasing light along the surface), and   
  
     
  is the periodic modifications. For the second-order DFB cavity,     
and θ      since λ        . This indicates that the lasing wavelength of a 
second-order DFB laser can be diffracted vertically by the first-order diffraction. 
The DFB cavity is based on a second-order Bragg grating that supports a 
vertically emitting mode by first-order diffraction.  The vertically emitting 
property of the DFB laser facilitates the design of the output signal detection 
system.   
A schematic cross-sectional diagram of the DFBLB structure is shown in 
Figure 4(a). Polyethyleneterephthalate (PET), a flexible polymer, is used as a 
substrate. The UV curable polymer (n=1.39) is utilized to make the grating 
structure. A thin film (~300 nm) of SU-8 (n=1.58) is used as the guidance layer. 
The dye doped SU8 layer provides both light confinement along the horizontal 
direction and amplification of the oscillation mode. The TiO2 top layer facilitates 
the affinity for biomolecules and also contributes to spatial mode bias into the 
liquid medium. The DFB laser is optically excited by a frequency doubled, Q-
switched Nd:YAG (yttrium aluminum garnet) laser (532 nm, 10 ns pulse width, 
single pulse mode), and the emission light is coupled into a spectrometer by an 
optical fiber oriented normal to the device surface. A representative emission 
spectrum is shown in Figure 4(b). The calculated Q value is on the order of 10
5
. 
The lasing wavelength shifted to higher value after antibody absorption. When the 
DFBLB is excited at a relatively high pumping power, it is possible to observe 
more than one lasing mode because the upper band mode also lases.  Such a mode 
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can be observed in Fig. 1b, where a small emission peak near λ=595.3 nm is the 
high order mode. 
 
Figure 4. (a) Schematic diagram of the DFBLB structure.  The DFB laser is excited by a frequency doubled, 
Q-switched Nd:YAG laser (532 nm, 10 ns pulse width), and the emission light is coupled into a spectrometer 
by an optical fiber.  (b) Lorentz fitted spectrum of DFB laser emission. The blue curve was measured when 
the sensor surface exposed to PBS. Full width at half maximum (FWHM) of the lasing emission is 0.053 nm, 
resulting in quality factor=1×104 for typical devices reported here.  The red curve shows the lasing spectra 
after application of the anti-TNF-α capture molecules, resulting in a PWV shift of ~0.4 nm. 
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CHAPTER 2 
DEVICE FABRICATION AND INSTRUMENTATION 
In this work, I fabricated 3×5 in
2
 DFBLB active areas that are suitable for 
incorporation into standard format microplates and capable of fast pharmaceutical 
screening. To make large area devices with low cost, the nanoreplica molding and 
horizontal dipping processes [1, 2] were adopted to fabricate the DFBLB. The 
nanoreplica molding process is a low-pressure, room temperature fabrication 
method, by which the PC biosensors are demonstrated to be manufactured in a 
roll-to-roll format. In a similar way, horizontal dipping is capable of depositing a 
thin film of polymer by dipping liquid on a continuous plastic sheet. By combing 
these two processes, mass production of low-cost, large-area biosensors is 
possible. 
In Section 2.1, the fabrication processes of nanoreplica molding and 
horizontal dipping are described in detail. In Section 2.2, the hardware of the 
detection system is demonstrated. Finally, the system software which realized the 
automatic scanning is described. 
 
2.1 Fabrication of the DFBLB by Nanoreplica Molding and 
Horizontal Dipping 
For the nanoreplica molding process, a Si “master” wafer is used as a 
molding template for producing the DFB grating structure.  A single master wafer 
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may be used thousands of times to produce identical gratings.  For this work, an 
8-inch-diameter Si wafer was patterned by nano-imprint lithography using a 
Molecular Imprints Imprio 50 machine, with a 1x1 cm
2
 grating imprint template 
[3, 4].  The nano-imprint lithography process was performed in a step/repeat 
fashion to create a  9x12 array of individual grating die, with a grating period of 
=400 nm period, 50% duty cycle on the master wafer. After nano-imprint 
patterning, the grating structure was permanently transferred into the silicon by 
reactive ion etching to a depth of 40 nm and subsequent removal of the remaining 
imprint resist by O2 plasma.  To prepare the master wafer for replica molding, it 
was treated with Repel Silane (Amersham Biosciences) for three hours to 
facilitate mold separation.  A scanning electron microscopy (SEM) photo and 
atomic force microscopy (AFM) measurement (Figure 5(a-b)) confirm that the 
master wafer conforms to our design specifications. 
Following preparation of the master wafer, a replica molding process is 
used to transfer a negative volume image of the master wafer to a flexible plastic 
substrate.  The process is performed at room temperature, and requires only low 
mechanical pressure between the mold and the plastic substrate.  A small volume 
(~1 mL) of UV curable polymer (PC409, SSCP Co., Ltd.) selected for its low 
refractive index (n=1.39, at λ=600 nm after curing) was dispensed onto the 
surface of the master wafer in a thin line pattern (~150×80 mm
2
). One edge of a 
10×4 cm
2
 PET sheet was placed in contact with the polymer, and a ~5 lb teflon-
coated aluminum cylinder was rolled over the PET beginning from the edge of the 
wafer with the line of polymer.  As the cylinder rolled over the PET sheet, the 
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Figure 5.  SEM  image (a) and AFM plot (b) of the master wafer surface, confirming a grating period of 
=400 nm period, 50% duty cycle on the master wafer. SEM (c) and AFM (d) of the replica molded grating. 
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polymer trapped between the sheet and the master wafer was squeezed to a 
thickness of ~1.5 m, and the trapped air was expelled towards the leading edge 
of the advancing liquid front.  The liquid polymer conformed to the shape of the 
master wafer, and was cured to a solid by exposure to a high intensity UV lamp 
(Xenon) for 50 s at room temperature.  After curing, the replica was peeled away 
from the master wafer.  SEM and AFM were used to measure the dimensions of 
the resulting structure (Figure 5(c-d)). Finally, the cured polymer was exposed to 
O2 plasma for 3 min to render the surface hydrophobic. 
Following replica molding, the horizontal dipping process was used to 
apply the gain layer.  Before the dipping process, the active polymer layer was 
prepared by mixing a 5 mg/ml solution of rhodamine 590 dye (Exciton) in CH2Cl2 
with SU-8 (5.0 wt %; Microchem) to a volume percentage of 10%. This mixture 
was sonicated for 1 min to improve the homogeneity the solution. The viscosity of 
the solution was measured to be 1.34 cP. 
The horizontal dipping [5-7] system consists of a custom-built translatable 
1mm diameter cylindrical barrier and a porous vacuum chuck to hold the PET 
sheet firmly in place. The porous vacuum chuck (Wenesco Inc.) was made of 
anodized aluminum and machined flat to 0.005 inch. tolerance over its 6x4 in
2
 
area. With the PET/grating sheet held in place, the dipping solution was injected 
into the gap (1.2 mm) between the barrier and the PET surface. After 1 min., the 
solution evenly spread to fill the gap, forming a downstream meniscus via 
capillary force. Next, the barrier was translated smoothly at a speed of 0.1 cm/s 
using a motorized linear translation stage, leaving a thin film of the dye-doped 
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solution on the grating substrate. The horizontal dipping system is shown in 
Figure 6 (a). After the dipping process, the coated device was soft baked on a 
95 °C hotplate for 1 min to remove the solvent. Finally, the film was 
photopolymerized by exposing to UV radiation (λ = 365 nm lamp source) with 
exposure dose of 100 mJ/cm
2
, and subsequently hard baked on a 95 °C hot plate 
for 2 min. Figure 6(b) (c) shows the AFM image and plot of the device after the 
horizontal dipping process.  The process slightly planarized the grating surface, 
resulting in periodic surface features of only 1 nm height as measured by AFM, as 
shown in Figure 6(c). 
The final fabrication step is deposition of a 10 nm thick layer of TiO2 over 
the horizontal-dipped layer using an electron beam evaporator (Denton Vacuum) 
to improve biomolecular immobilization and sensor sensitivity as demonstrated in 
previous research [8, 9]. The finished device was trimmed to a 3x5 in
2
 “coupon” 
that was attached with a die-cut pressure-sensitive adhesive sheet to a bottomless 
96 well microplate. In the finished device (Figure 7(b)), the 6 mm diameter 
bottom surface of each microplate well is comprised of a DFBLB biosensor. 
To summarize the fabrication process, Figure 8 depicts the fabrication 
flow of the DFBLB [1]. 
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Figure 6. (a) Photograph of the horizontal dipping setup; (b), (c) AFM image and plot of the device 
surface after horizontal dipping process. 
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Figure 7. Photo of the trimmed device coupon (a) before and (b) after attached to a bottomless 96 well 
microplate. 
 
Figure 8. Fabrication flow of DFBLB [5]. 
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2.2 Detection Hardware 
The detection instrument used in this work has been described in a 
previous publication  [1].  Briefly, the device was optically pumped by a 
frequency-doubled, Q-switched Nd:YAG pulsed laser (λ=532 nm, 10 ns pulse 
duration, and maximum repetition rate of 10 Hz). The pump source was reflected 
by a dichroic beam splitter, which was subsequently focused onto a ~100 μm 
diameter spot on the DFBLB surface by a 20x objective lens.  The illumination 
light is not required to be incident at a specific angle, making excitation light 
coupling extremely robust. 
The lasing emission was collected by the same 20x objective lens and 
passed through the dichroic mirror again. The emission was coupled into a 200 
µm diameter optical fiber by a NA=0.25 convex lens to reduce the coupling loss 
due to the weak confinement in the axis parallel to the grating. The distal end of 
the fiber was connected to a spectrometer (Horiba, MODEL #550) with a 0.0265 
nm resolution between adjacent wavelength data points in the 580 - 600 nm 
spectral range of the DFBLB. The spectral output of the laser was fitted to a 
Lorentian to determine the peak wavelength value (PWV) of the emission with 
greater resolution than available from the discrete points available from the 
spectrometer [9]. The schema and photo of the detection system are shown in 
Figure 9. 
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Figure 9. (a) Schema and (b) photo of the detection system.  
 
2.3 Software for Detection       
 In working towards a fully functional DFB laser biosensor reader, a 
software package has been developed that will be used to integrate the system and 
collect the data contained on the sensor surface. The software interface is shown 
in Figure 10(a). The first aspect of the program is to control the various 
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mechanical components of the reader. An interface has been designed to select the 
characteristics of the scan to be performed. This involves specifying the total 
number of wells in the plate, the specific wells to be scanned, and the number of 
individual spots to be scanned in each well. As each scan is being executed, a live 
display of the spectrum as obtained by the spectrometer is shown. Following the 
data collection, the program can then be used to determine the peak wavelength of 
each spot of the scan. Finally, the average and standard deviation of the peak 
wavelengths for each well are calculated. Tracking the shift of the peak 
wavelengths over the duration of a biochemical assay allows for the detection of 
molecular interactions, the basis of small-molecule screening. An example of the 
acquired spectrum is shown in Figure 10(b). 
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Figure 10. (a) Software interface. (b) An example of the acquired spectrum. 
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CHAPTER 3 
DEVICE CHARACTERIZATION 
Sensor uniformity is a key requirement for life science applications 
because replicate measurements are used to determine the standard deviation and 
coefficient of variance of assays, which in turn determine the statistical relevance 
of the data. Furthermore, sensor-to-sensor uniformity is of equal importance to 
sensitivity in the determination of the Z-factor statistic used to quantify the 
statistical quality of HTS data. In our work, the DFBLB was fabricated in an area 
as large as a microplate, which makes the overall uniformity a natural concern. In 
order to show the sensor‟s capability for biodetection, we characterized both the 
short-range and long-range uniformity of the DFBLB operating wavelength, bulk 
refractive index sensitivity, and surface adsorption sensitivity. The DFBLB was 
demonstrated to have thickness variance of only ~40 nm over the whole device 
and surface sensitivity with ~10% CV. We also demonstrate the use of the 
DFBLB microplate for performing an antibody-antigen detection assay, through a 
dose-response characterization of the cytokine TNF-α. 
This chapter is divided into three parts. Section 3.1 provides the film 
thickness uniformity over the whole device and within one well. Device 
uniformity in terms of bulk sensitivity and surface sensitivity are calculated and 
plotted in Section 3.2. Finally, Section 3.3 reports the detection of the interaction 
between TNF-α and its ligand by DFBLB as a representative example of the 
sensor‟s biosensing capability.  
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3.1 Film Thickness Uniformity Represented by Laser Emission 
Wavelength 
Thickness uniformity of the SU-8 layer is of great importance, since 
thickness of <515 nm is required to obtain single mode output and lasing 
wavelength is dependent on the film thickness. As described in Chapter 2, the 
lasing wavelength is determined by λ=neff , where neff is the effective refractive 
index and   is the grating period. The refractive index can be calculated by the 
following: 
    
  
                     
             
 ,               (1) 
where          is the electric field and          is the permittivity distribution 
from the grating surface to the SU-8 layer bottom. From this equation, it is clearly 
seen that the thickness of the SU-8 will influence the electric field distribution and 
    . Experimental results have shown that thicker SU-8 layer will result in higher 
     and longer lasing wavelength [1]. Due to the relationship between the lasing 
wavelength and the guidance layer thickness, the uniformity of the device was 
investigated by the spatial distribution of the emission wavelength. Figure 11 
shows the spatial distribution and histogram of the emission wavelength over the 
microplate area (5×3 inch
2
). Measurements were taken at the center of each well 
and 96 points in total were recorded. The emission wavelengths varied by as 
much as  λ≈9 nm over the whole area, corresponding to ~40 nm thickness 
variance as determined via rigorous coupled wave analysis (RCWA) computer 
simulations of the device structure.  As shown in Figure 11, the overall uniformity 
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can be further improved through the use of a larger substrate, since the variation 
in the thickness near the edges of the sensor coupon is the primary contributor to 
the total variance. The calculated standard deviation of lasing wavelength was 
=2.35 nm while the mean lasing wavelength was mean=568.50 nm, 
corresponding to a coefficient of variation of CV=0.41%. To characterize the 
uniformity at a finer spatial scale, 64 points within a single well were also 
measured. Figure 12 shows the distribution of the lasing wavelength over the ~32 
    area within one well. The emission wavelengths varied by as much as 
 λ≈1.38 nm and the calculated standard deviation was =0.40 nm with the mean 
value mean=576.60 nm, corresponding to a CV=0.07%. This corresponds to a 
thickness variation of the guidance layer of only ~6 nm. 
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Figure 11. Histogram of laser emission wavelengths from center region of 96 wells over the 
DFBLB microplate. The calculated standard deviation was ζ=2.35 nm while the mean lasing wavelength was 
λmean=568.50 nm, corresponding to a coefficient of variation of CV=0.41%.  Inset shows spatial distribution 
over the device. The color bar represents the emission wavelengths, which varied by as much as  λ≈9 nm 
over the whole area, corresponding to ~40 nm thickness variance. 
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Figure 12. Histogram of laser emission from 64 points over the 32    area within one well of a 
DFBLB microplate. Inset shows spatial distribution.  The emission wavelengths varied by as much as 
∆λ≈1.38 nm and the calculated standard deviation was ζ=0.40 nm with the mean value λmean =576.60 nm, 
corresponding to a CV=0.07% and a thickness variation of the guidance layer of only ~6 nm. 
 
3.2 Sensitivity Uniformity Measured by Response to Adsorption of a 
Protein Monolayer 
The sensor‟s bulk sensitivity and uniformity of surface sensitivity were 
studied by applying liquids with different refractive indices to the sensor surface 
and measuring the resulting laser PWV shift. To study the device‟s “bulk” 
sensitivity, the sensitivity  to  changes  in  the  refractive index (RI) of  media  
exposed  to  the  sensor surface  was  measured  by  placing  ~100 µL  of  water  
(RI=1.33),  35% glycerol  (RI=1.37),  55% glycerol  (RI=1.41)  and  75% glycerol 
(RI=1.44) in four different wells. The recorded  laser  wavelengths  were  plotted  
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as a function  of  liquid  RI  in Figure 13 and  a  bulk  RI sensitivity  of  Sb = 
Δλ/Δn was calculated for each well. The average bulk sensitivity over four wells 
was 92.75 nm/RIU, and the standard deviation was as small as 0.22 nm/RIU. 
While the bulk sensitivity measurement is a common metric for optical sensors, 
probing the device response to surface-based binding is a more useful method to 
study the performance of the biosensor in the context of a biomolecule binding 
application. To characterize the near-surface sensitivity, lasing wavelength shifts 
due to the adsorption of a monolayer of protein polymer poly (Lys, Phe) (PPL, 
1mg/mL; Sigma-Aldrich) were measured for 32 wells. First, the sensors were 
exposed to a phosphate buffered saline (PBS) solution for 10 min, after which a 
baseline PWV measurement was taken from each biosensor microplate well. Next, 
the PBS solution was removed by pipette and the wells were refilled with 40 µL 1 
mg/ml solution of the PPL. In previous research, PPL has been demonstrated to 
form a self-limiting single monolayer coating upon dielectric surfaces [2]. PPL 
molecules have a molecular weight of 35 400 Da and a linear chain structure, and 
previous characterization of PPL films estimated that the film thickness is 15 nm 
with a refractive index of 1.45. The PPL solution was incubated with the sensor 
surfaces for 48 min, after which the PPL solution was removed and the sensor 
surface was rinsed with PBS solution three times to remove any PPL that was not 
firmly attached. Measurements were taken in the center of each well and results 
are summarized and compared in Figure 14. We observed a PWV shift of 
1.01±0.13 nm with CV≈13.60% for the polymeric monolayer. Additionally, in 
order to characterize the device‟s short-range uniformity of sensitivity to surface 
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mass absorption, 64 points within one well were also measured and these results 
are shown in Figure 15. The calculated standard deviation was =0.10 nm, the 
mean value was mean=0.84 nm, and the corresponding CV was 11.79%.  
 
Figure 13. Bulk sensitivity calculated from four different wells by  placing  ~100 µL  of  water  (RI=1.33),  
35% glycerol  (RI=1.37),  55% glycerol  (RI=1.41)  and  75% glycerol (RI=1.44) separately. The average 
bulk sensitivity over four wells was 92.75 nm/RIU with standard deviation as small as 0.22. 
 
 35 
 
 
Figure 14. Histogram of laser wavelength shifts from center of 32 wells due to adsorption of a 
PPL monolayer. Wavelength shift of 1.01±0.13 nm with CV≈13.60% for the polymeric monolayer was 
observed.  Inset shows the spatial distribution of the wavelength shift for the 32 wells. The blank squares 
represent locations where the emitted bandwidth had broadened due to the inhomogeneous binding of the 
PPL. 
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Figure 15. Histogram of laser wavelength shifts from 64 points within one well due to 
deposition of a PPL monolayer. The calculated standard deviation was ζ=0.10 nm, the mean value was 
Δλmean=0.84 nm, and the corresponding CV was 11.79%. Inset shows the spatial distribution of the PPL 
shift. 
 
  
3.3 Application to an Assay for Detection of TNF-α 
To demonstrate the ability of the sensor to detect biomolecules in the 
context of a binding assay, four different wells in the sensor microplate were first 
rinsed and soaked in PBS buffer to establish an initial baseline emission 
wavelength. To functionalize the sensor surface, each well was treated with a 10% 
solution of polyvinylamine (PVA; provided by SRU Biosystems Inc.) in water 
and incubated at 40 ºC for 2 hours. All wells were then washed three times with 
water. Each well of the sensor was then exposed to 50 µL glutaraldehyde solution 
(25% in water; Sigma–Aldrich) for four hours, followed by a wash step. Next, a 
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measurement of the emission wavelength from the PBS-immersed laser surface 
was made and recorded. A 40 µL volume of anti-TNF-α (Biolegend; MW=55kDa) 
was then pipetted into four wells separately, and allowed to incubate for 30 min at 
4 
0
C. After rinsing three times with a solution of PBS with 2% Tween (PBST) to 
remove unbound anti-TNF-α, the emission wavelength from the center spot of 
each well was measured and wavelength shifts compared to the end point of the 
previous step were calculated. Subsequently, 40 µL of protein-free blocker (Bio-
Rad Laboratories) was applied into each well and allowed to stabilize for 2 hours 
at room temperature. The spectrum was recorded again as the reference after the 
surface was washed by PBST. TNF-α (R&D Biosystems Inc.; MW=17 kDa) was 
dissolved in a 50 mL solution of PBS to four different concentrations (5, 2.5, 1.25 
and 0.625 µg/mL), and applied separately to each well and stabilized for 30 min. 
Next, the sensor surface was rinsed with PBST solution to remove any unbound 
TNF-α. Figure 16 shows the laser wavelength shift end point as a function of 
TNF-α concentration. The highest concentration (5 µg/mL) of TNF-α detection 
approaches saturation due to the limited number of anti-TNF-α sites on the sensor 
surface. The lowest concentration of TNF- (0.625 µg/mL) resulted in the 
measured laser wavelength shift of ~0.02 nm.  As indicated by the inflection point, 
the dissociation constant Kd was measured to be 1.185 µg/mL (0.069 µM), which 
is comparable with previously measured values of 0.136 µM for human TNF- 
and anti-human TNF- pairs obtained by dual color fluorescence cross correlation 
spectroscopy [3] . 
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Figure 16. Laser wavelength shift end point as a function of TNF-α concentration. Inset 
shows wavelength shift due to surface absorption of anti-TNF-α and protein-free blocker. 
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CHAPTER 4 
DEVICE STABILITY IMPROVEMENT 
One potential application of DFBLB plates is in large-scale, low-cost 
pharmaceutical high throughput screening. Due to the low molecule weight of 
drug molecules, the PWV shift caused by such small molecules when captured by 
an immobilized protein could range from 0.01 pm to 10 pm. In order to monitor 
such small changes, it is important to control equilibrium PWV variations at the 
picometer level and below. In general, PWV instability is mainly caused by two 
effects: random noise and drift. The difference between random noise and drift is 
clearly described in Figure 17: the response vibrates along the actual value 
randomly for noise; however, for drift, the departure from the real response 
follows a certain trend. While random noise can be reduced by optimizing 
external conditions as well as post-data-processing, drift can be minimized by 
choosing   materials with stable refractive indices when immersed in liquid 
solutions used for assays. 
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Figure 17. Description about random noise and drift. (a) Random noise: the response vibrates along the actual 
value randomly. (b) Drift: the departure from the real response follows certain trend. 
 
This chapter provides methods to reduce noise and explanations of the 
drift effects.  The conventional quantity to describe PWV instability is standard 
deviation which is calculated from multiple PWV measurements over a certain 
time sequence. The definition of standard deviation   is: 
              
 
 
   
where      is the PWV from the ith measurement,     is the average value of 
PWV and n is the total measurement times. It combines both noise and drift, 
regardless the fact that they are from different physical mechanisms. Therefore, 
new quantities need to be defined to study noise and drift separately. The first 
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section of this chapter defines a new quantity to characterize noise and introduces 
the R
2
 value to refuse badly fitted peaks (examples for good and bad fitted peaks 
are shown in Figure 18). In the following section, two factors are studied to 
reduce the noise: total number of spatial averaging spots and external pumping 
repetition rate. Noise level is shown to be reduced to ~4 pm under optimized 
conditions. Finally, explanations of drift phenomenon are provided and possible 
solutions are proposed. 
4.1 Definition of Noise and R
2
 Value 
Lasing light is detected by a spectrometer that can only record a finite 
number of data points. The actual lasing wavelength is very likely missed from 
the discrete wavelengths detected by the spectrometer. Therefore, it is necessary 
to fit the finite data points into a Lorentzian function so that a continuous 
spectrum can be obtained, where the wavelength value of the maximum intensity 
is recorded as the lasing wavelength. A Lorentzian function is widely used to fit 
the homogeneously broadened peaks, and it is defined as 
         
 
 
    
 
         
 
    
 
 
where    is the center,     is the bandwidth and      is the value at the center. 
However, deviations of the actual lasing spectrum from the Lorentzian curve are 
often observed as shown in Figure 18(a) (b), possibly due to factors such as 
inhomogeneous binding of the particles and surface imperfection. The deviations 
exhibit different levels from well to well, resulting in errors in the calculated  
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Figure 18. Lorentz fitted spectrum with different R squared values. (a) R=0.59; (b) R=0.87; (C) R=0.99. 
Higher R squared value indicates better match between the measured data and Lorentz fitted spectrum. 
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PWVs. As shown in Figure 18(a), the PWV of the fitted curve is obviously tens of 
picometers away from the actual prominent lasing wavelength. The relatively 
high noise level would make this kind of well useless for sensitive detection in 
life science, especially small molecule detection. Therefore, it is necessary to 
mathematically introduce a quantity to describe the fitting quality so that only 
when the fitting quality is above the threshold, the corresponding fitted PWVs are 
used for further calculations.  The coefficient of determination R
2
 is commonly 
used in statistics to describe how well the actual outcomes are likely to be 
predicted by the model. It is defined as below: 
     
     
     
   ,                                                    (2) 
where SSerr and SStot are the total sum of squares and the sum of squares of 
residuals respectively.    ranges from 0 to 1 and          value represents less 
error and better fitting quality. Figure 18 demonstrates this trend where the blue 
star represents the measured data and the green curve is the Lorentz fitted 
spectrum. From Figure 18(a) to (c), the fitted spectra were matched better with the 
measured data when the R
2
 values increased from 0.59 to 0.99. When R
2
 is less 
than 0.8, the actual data spots deviate so much from the fitted curve that such 
fitted PWVs are regarded as meaningless. The threshold for a well-fitted spectrum 
was selected to be 0.8, so that the badly fitted curve can be refused while most of 
the measurements are still useful. 
 The conventional quantity to describe PWV stability is standard deviation 
which combines drift and random noise for taking a series of measurements from 
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an unperturbed sensor over a specified time period. Therefore a new quantity 
needs to be defined so that these two effects can be studied separately. If the 
measurements are taken within a relatively short time, PWV drift can be regarded 
as linear: 
              ,                                                      (3) 
where T is the time sequence,          is drifting PWV and a, b are fitting 
coefficients. The deviation of the actual measured            from the linear 
curve is caused by the random noise. Therefore, the deviation level can be used to 
quantify the random noise level:  
Noise=                   .                                         (4) 
If n discrete measurements are taken, the average noise level is defined as:  
                                 .                   (5) 
In the following sections, this quantity will be used to study approaches to 
reduce noise level. 
4.2 Methods of Reducing Noise 
In this section, two factors are studied to reduce the device noise level: one 
is the external pump repetition rate; the other is the optimized number for spatial 
averaging. For an organic dye-doped DFB laser, the gain is provided by electron 
transition of the dye between energy levels. The electron is excited to high energy 
level by the green light, then relaxed to low energy level, and finally jumps back 
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to the ground level with an emitted photon. Therefore, the external pump light is 
one factor that determines the lasing light stability. Another common approach to 
reduce the random noise is spatial averaging, for which noise theoretically 
decreases with increasing number of averaging points. Both of these two 
approaches are studied in this section. 
4.2.1 Pumping repetition rate 
 To study the effect of pumping repetition rate, the device was pumped by 
green light at different rates and the corresponding noise was calculated based on 
Equation (5). The central wavelength of the spectrometer was set to be 590 nm 
and its slit size was set to be 0.0485 mm. The integration time for the CCD was 
set to be 500 ms and pumping rate was set to be 1 Hz, 3 Hz, 6 Hz and 10 Hz 
separately. For each specific pumping rate, the noise was calculated from total 85 
discrete measurements. The inset of Figure 19 shows the dynamic PWV readout 
over the time sequences with pumping repetition rate of 1 Hz and 10 Hz 
respectively. It is obvious that the noise amplitude was larger at 10 Hz than that at 
1 Hz. Based on equation (5), the noise at 1 Hz, 3 Hz, 6 Hz, 10 Hz was calculated 
to be 0.0166 nm, 0.0149 nm, 0.0072 nm and 0.0047 nm, which were plotted in the 
main panel of Figure 19. The black curve shows the trend that the DFBLB noise 
decreases as the pumping rate increases. To further confirm this finding, the 
integration time (IT) of the CCD was set to be 400 ms and 600 ms respectively, 
and two different pump rates were used for each setting to test the noise level. The 
red curve in Figure 19 represents the results for IT=400 ms. The noise was 
calculated to be 0.0166 nm at 5 Hz pumping rate while it was 0.0097 nm at 10 Hz. 
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The pumping rates were also set to be 3.3 Hz and 10 Hz for IT=600 ms and the 
noise decreased from 0.0108 nm to 0.0055 nm. These measurements supported 
the previous conclusion that high pump repetition rate is necessary to obtain 
reduced noise. The highest pumping rate of the Nd:Yag laser used in this work is 
limited to 10 Hz by thermal loading, which is caused by the broadband flash lamp 
used to optically excite the electrons. However, it can be expected that the noise is 
likely to be reduced to less than 4 pm if a high repetition rate laser can be used. 
Actually, the commercially available laser repetition rate can easily reach 100 
kHz.    
 
Figure 19. Main panel: noise decreased as external pumping repetition rate increased at IT=400 ms, 500 ms 
and 600 ms respectively. Inset shows the dynamic PWV readout over the time sequences with pumping 
repetition rate 1 Hz and 10 Hz respectively. 
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4.2.2 Spatial average 
Spatial averaging is a common way to reduce random noise by canceling 
out random errors from different locations. To study the averaging effect on noise, 
nine spots in a well were pumped and their lasing wavelengths were recorded to 
calculate the noise level. The integration time of the CCD was set as 500 ms and 
the external pump rate was 10 Hz. Total scan number was 20 with time interval 
~1 s. Different spatial averaging numbers were used to calculate the averaged 
PWV for each scan. The black curve in Figure 20 shows that noise decreased 
from 6 pm to 4 pm as the averaging spot number increased from 1 to 4. However, 
increasing the number of sampled locations from 4 to 9 resulted in no further 
decrease in noise. The inset of Figure 20 illustrates the dynamic variation of the 
averaged lasing wavelengths. It can be seen the lasing wavelength stability is 
slightly improved by spatial averaging. However, such improvement results in 
diminishment of the scanning speed for gathering kinetic data, indicating that four 
averaging spots are optimal. 
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Figure 20. The main panel shows that noise decreased with spatial averaging number increasing. The inset 
illustrates intuitively how the averaged lasing wavelengths vibrated for different averaging numbers. 
 
 
 
 
4.3 Drift Effect 
Another factor that greatly affects lasing wavelength stability is drift. 
There are many possible reasons for drift such as water absorption and material 
heating, in which cases drifting wavelength is linearly related to the scanning time. 
However, for the DFBLB, the drift is very likely caused by the bleaching effect, 
since absorption and refractive index are related to each other by the Kramers-
Kronig relation [1]. This hypothesis is supported by two experimental 
observations: (1) The negative  wavelength shift is linearly dependent on the total 
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times of the external pumping and shows no dependence on the total duration of 
scan; (2) Lasing wavelength remains the same value as that in the last scan, even 
if the time interval between the two scans is long. These observations exclude the 
possibility that the drift is caused by water absorption or heating.  
The relationship between the drift rate and the external pump rate was 
studied. The integration time of the charged coupled device (CCD) for each scan 
was 500 ms and the pump light repetition rate was 10 Hz. A single location of one 
well was scanned 50 times within 175 seconds, 1500 seconds and 3500 seconds 
separately. The lasing wavelengths were recorded as a function of number of the 
external pump times, and further fitted into a linear curve. The slopes of the curve 
were regarded as the drift rates, which varied from 0.33 pm/pump to 0.42 
pm/pump for different scanning time, demonstrating that the total drifting 
wavelength relates to the total times of external pump instead of the scanning time. 
The black curve in Figure 21 clearly shows the trend. When the scan time was set 
to ~10 s, the external pump events were limited to 10, determined by the scanning 
speed. The corresponding drift rate (0.7 pm/pump) deviated from the previous 
calculation, possibly due to relatively large noise compared to the short drift time. 
The inset of Figure 21 shows the dynamic lasing wavelength shifts for 
observation time of 175 s and 1500 s separately.  
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Figure 21. The drift rates were plotted as a function of total scanning time, demonstrating that there is no 
relation between the total observation time and drifting wavelength. Actually, the total drifting wavelength 
increased linearly with the total pump times. Inset: dynamic wavelength shifts for different observation time 
(175 s and 1500 s) but same pump times (50).  
 
The reversibility of the wavelength drift was also studied. A different well 
was pumped 85 times under the same settings. A significant drifting effect can be 
seen in Figure 22. Then the external pump was stopped for 5 min to allow the 
device to equilibrate, to determine if the sensor temperature increased during the 
measurement interval. Finally, the same location was externally pumped an 
additional 80 times. It can be seen from Figure 22 that the lasing wavelength 
retains the same value as that of the end point of last excitation. This evidence 
excludes the heating mechanism as the source of drift. 
 51 
 
Though drift rate for each scan is relatively low, the total drift for long 
data acquisition times could overwhelm the real shift caused by biomolecule 
adsorption. One possible future solution for the drift is to replace the dye with 
more photo-stable materials, as discussed in the next chapter. 
 
Figure 22. The lasing wavelength drifted as the external pumping time increased. During the middle of the 
measurement, the device was cooled down for 5min. The lasing wavelength remained the same value as the 
end point value of the last pump. 
4.4 Reference 
[1] J.D. Jackson, Classical Electrodynamics. Hoboken, NJ: John Wiley & 
Sons, 1999. 
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CHAPTER 5 
CONCLUSION 
The fabrication process described in this work demonstrates, for the first 
time, the ability to produce DFB biosensor surfaces uniformly over surface areas 
substantial enough to incorporate into standard format microplates.  Although the 
fabrication was carried out in a laboratory setting, all methods are compatible 
with extension of the process to a roll-to-roll based manufacturing paradigm.  In 
particular, the nanoreplica molding approach used in this work has been 
implemented upon continuous rolls of plastic film in a step-repeat process that can 
utilize a master wafer for thousands of iterations without damage, while 
accurately patterning features in the size scale of 40-150 nm.  Likewise, the 
horizontal dipping process used to generate the dye-doped SU8 layer of the 
DFBLB has been implemented without the need for spin-coating, while still 
maintaining excellent control of the layer thickness and uniformity.  Incorporation 
of a label-free sensor into a microplate format represents an important step in the 
development of a technology that can be accepted into pharmaceutical high 
throughput screening, as this liquid handling method is heavily utilized for assay 
automation and integration with standard liquid handling systems.  Because the 
DFBLB grating is semi-continuous, the same sensor format can also be integrated 
into higher throughput 384-well and 1536-well microplates, which share the same 
device area as the 96-well microplate demonstrated here.  Of course, the DFBLB 
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is not limited to use in a microplate format, as it can also be incorporated into the 
surface of microscope slides, flasks, tubing, test tubes, or microfluidic channels. 
A substantial advantage of the DFBLB sensor surface is that any region on 
the surface is a sensor, and as a result, capture molecules and illumination can 
occur at any location.  The pump source is not required to enter the device at any 
particular illumination angle, and only has the requirement of containing a 
wavelength that overlaps the excitation spectrum of the DFB laser dye.  Therefore, 
precise coupling conditions are not required, leading to a robust detection 
platform that is amenable to high throughput measurements.  A single 10 ns 
excitation pulse is sufficient for gathering a measurement, resulting in a rapid 
detection rate that can be used to gather kinetic information on biomolecular 
interactions.  All these capabilities are predicated upon the ability to produce 
DFBLB surfaces that are uniform in terms of the lasing wavelength and the 
device sensitivity. 
Theoretical predictions of the sensor performance as well as future 
directions are presented in this chapter. As demonstrated in previous chapters, it is 
important to obtain DFB biosensors with low noise so that high throughput drug 
screening is feasible. In Section 5.1.1, I theoretically calculate the maximum noise 
of DFB biosensors for small molecule detection. The DFBLB may be used as a 
label-free surface scanning detection approach, in which the excitation spot is 
rastered across the DFBLB surface to generate a spatial map of biomolecular or 
cellular binding for applications such as label-free microarrays and label-free cell 
attachment imaging. In Section 5.1.2, theoretical calculations were provided to 
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predict the smallest probing volume.  In order to build a more robust sensor with 
even higher stability, several possible improvements are proposed in Section 5.2, 
including replacement of the dye-doped SU-8 with photo-stable material, i.e., 
perylenediimide derivatives, and utilizing a highly stabilized Q-switched laser 
with high pump repetition rate. 
5.1 Predictions of Sensor Performance 
The first part of this section showed the theoretical calculations of the 
noise that is required for small molecule detection. Glutathione was used as the 
example in the calculation. In the second part, the smallest probing volume for 
each pump pulse was computed and the estimated volume was 0.4 fL. 
5.1.1 Maximum noise allowed for small molecule detection 
The resonance shift caused by refractive index change can be theoretically 
calculated using perturbation theory [1]: 
    
 
 
                 
                
 ,                                      (6) 
where E(r) is the electric field of the optical resonance,      is the distribution of 
dielectric constant of the medium, and ω is the resonant frequency. For a small 
change in the dielectric constant Δε=2εΔn/n, using Equation (6), we then obtain: 
  
 
 
  
 
  
  
 
 ,                                                       (7) 
where n is the refractive index of the medium outside the resonator,    is the 
small refractive index change that is introduced by the sensing medium,    and 
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   are the resonance wavelength and frequency shifts, and   is defined as the 
effective volume ratio of the refractive index perturbation. For refractive index 
change caused by bulk liquid application,   describes the ratio of electric field 
energy existing out of the dielectric structure with the total at a given mode: 
      
       
 
                
       
 
                                      
 ,                        (8) 
The value of       can be obtained experimentally. From Equation (7), we can 
obtain 
  
  
      
 
 
, where λ is ~570 nm when n approaches unity, and the bulk 
sensitivity 
  
  
 was experimentally measured to be ~100 nm/RIU (Chapter 3). 
Therefore,       was estimated as 17.5%. For near-surface refractive index 
change caused by bio-interactions, the binding analyte only occupies fractional 
volume of the electric field energy existing out of the dielectric structure. In this 
case,   should be multiplied by the volume fraction f. Factors such as solution 
concentration and affinity constant can influence the volume fraction f. To 
summarize, the wavelength shift can be theoretically calculated by: 
            
  
 
 .                                               (9) 
To further illustrate this concept, wavelength shift caused by glutathione 
(GSH) will be calculated using Equation (9). Glutathione (GSH) is a tripeptide 
(molecule structure shown in Figure 23), which has a low molecule weight of 
~307 Dalton. GSH is a useful surface to immobilize glutathione S-transferase 
(GST) fusion proteins with proper orientation in the preparation of protein arrays. 
 56 
 
It is important to orient the proteins properly during array preparation in order to 
reduce nonspecific interactions and maintain protein activities. The orientation of 
immobilized protein can be performed with various methods, including 
streptavidin-coated surface, Ni
2+
-chelating surfaces and GSH surfaces. Among 
these, GSH is a preferred method, since GST-fusion proteins can be prepared 
easily with bacterial systems. The interaction between GST and GSH is relatively 
weak with the high dissociation constant kd~1 μM. Glutathione is predicted to 
have a molar volume of 213.204 cm
3 and a refractive index of 1.572 [2]. Its 
molecular weight is ~307 g/mole. To show the calculation, the surface mass 
density of the GSH is assumed to be 307 ng/cm
2
, which corresponds to volume 
ratio of 0.0213 with 100 nm electric field extension above the surface. Also 
considering that PBS solution (PH=7.4) has a refractive index of 1.35 [3] and 
DFB laser biosensors lase at λ=590 nm, the lasing wavelength shift caused by  
GSH is calculated to be ~0.1 pm by Equation (9). In order to detect such a small 
shift, the DFB biosensor should have noise 3ζ<0.1 pm. Compared with current 
noise 3ζ=12 pm, there is a big challenge for decreasing the noise. Fan et al. [4] 
demonstrated the relationship between the noise and bandwidth in 2008 assuming 
the device stability is determined by signal-to-noise ratio (SNR). Figure 24 shows 
that there is a possibility for DFBLB to achieve noise <0.1 pm with Q ~10
5
, 
SNR >80 dB under such assumptions.  
 
Figure 23. Molecular structure of glutathione from [2]. 
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Figure 24. Relationship between noise and quality factor under various SNRs [4]. 
 
5.1.2 Smallest probing volume 
If the pump light is confined within a relatively small area, then the 
probing volume of a single pump is determined by the propagation of lasing light. 
Block et al. [5] studied the spatial image resolution for the passive sub-
wavelength grating structures, where two distinct linear resolutions of 3.5 µm and 
<1 µm were theoretically and experimentally demonstrated. Similar approaches 
could be used to analyze the theoretical in-plane resolution for DFB laser 
biosensors. It has been shown that the spatial resolution along the direction 
perpendicular to the grating can be calculated by first computing the photon 
lifetime: 
   
 
  
 
      
     
 ,                                            (10) 
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where Q is the quality factor of the DFB laser,    is the central frequency of the 
lasing light,   is the central lasing wavelength,      is the effective refractive 
index for grating structure, and    is the bandwidth of the lasing output. Using 
this definition, the photon lifetime is defined as the time where the probability that 
a lasing photon has yet to be diffracted into the far field is 1/e. The propagation 
length, or the distance at which 1/e of the lasing photons remain in the mode, can 
also be calculated: 
      
 
    
 
  
    
 ,                                           (11) 
According to the experimental data, the lasing wavelength is ~590 nm and 
bandwidth of the passive structure is ~14 nm with the surface immersed in buffer. 
Then the propagation length can be calculated to be   ≈4 μm, which is the 
vertical spatial resolution. A larger bandwidth will result in a smaller   , as seen 
from Equation (11). Therefore, improvement of the spatial resolution might be 
achieved by broadening the peak. On the other hand, the decrease of Q value will 
lead to a higher detection limit as demonstrated in Chapter 1. The Q value should 
be chosen properly so that the probing volume is small enough to contain a 
limited number of molecules and yet the PWV shift from analytes binding is 
detectable.    
For the direction along the grating, the resolution is determined by the 
diameter of the incident pump beam. It can be calculated approximately by the 
equation: 
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 ,                                             (12) 
where F is the f-number of the lens, and n is the refractive index of the 
environment. For the 20X objective used in this work, the diameter of the pump 
spot is calculated to be ~3 µm when the initial beam before entering the objective 
has diameter of 1 mm, indicating the horizontal confinement Lh~3 µm. It is 
possible to obtain tighter beam confinement if the instrumentation is improved. 
However, it will be very expensive and hard to obtain sub-wavelength resolution 
for current optical systems. Therefore, it is reasonable to estimate Lh~1 µm.  
For this sub-wavelength grating structure, the electric field decays 
exponentially as the distance from the grating surface increases, for which the 
extension is ~100 nm, implying that the mode confinement Lz along the direction 
perpendicular to the surface is of the same order. Combining the previous results, 
the smallest probing volume for the DFB laser biosensors is ~V=           =0.4 
fL. 
Since the probing volume for a single pump is so small, we might be able 
to detect a small amount of molecule binding even if the analyte has a relatively 
high concentration. In order to detect molecules with total number of N in a single 
pump, the solution should have a concentration (N/Nmolar)/V (unit: Molar), where 
Nmolar is a constant ~6 10
23
 and V is the probing volume ~0.4 fL as calculated 
above. For example, in order to probe 1000 molecules for a single pump, the 
solution concentration should be 4 μM. To achieve single molecule detection, the 
concentration is reduced to 4 nM. On the other hand, the wavelength shift caused 
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by the molecule adsorption depends on the solution concentration, molecule size 
and its polarization, as seen from Equation (9). Therefore, for different types of 
biomolecules such small molecule, protein and DNA, minimum numbers of 
molecules that can be probed within a single pump vary. Given detection limit ~4 
pm and molecule size, the lowest concentration can be calculated from Equation 
(9) if the same value of molecule polarization is assumed. The corresponding 
number of molecules within a single pump can be easily calculated from the 
solution concentration. The minimum numbers of molecules that can be detected 
by the DFB laser biosensor are shown in Table 2. It is a challenge to detect a 
single small molecule event under the current detection limit.  
Table 2. Estimated numbers of the molecules within detection limit 
Molecule type Example Molar volume 
(cm
3
) 
NO. of molecules 
within detection limit 
Small molecule Glutathione 213 [2] 10
7
 
DNA Single strand 
with 100 pairs 
35937 [6] 6×10
3
 
Protein TNF-α 16200 [6] 1.33×103 
 
5.2 Future Work 
Currently, two factors can limit DFBLB performance: (1) the sensor only 
lases for a finite number of measurements (~10
3
), which is determined by the 
intrinsic characteristic of R6G; (2) the noise level is still much higher than the 
required value for small molecule detection as demonstrated in section 5.1.1, 
possibly due to the photo-introduced instability of the R6G and output variance of 
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the Q-switched Nd: Yg laser. Future directions that aim to improve the device 
performance are presented in the following sections. 
5.2.1 Increase the sensor operating lifetime 
Bleaching effect can greatly influence optical experiments that utilize 
fluorophores. Bleaching is an irreversible conversation of the fluorophores into 
non-fluorescent entities. In most cases, this process is photoinduced and hence is 
called photobleaching. R6G is a kind of fluorophores that is only capable of 
providing gain for a short amount of time, limiting the DFBLB working time. 
Two circumstances that make photobleaching especially detrimental are: (1) 
working at room temperature, as photobleaching efficiency increases with 
temperature; (2) water or water-like environment required by biomolecules, where 
fluorophores are easily attacked by small reactive molecules such as oxygen or 
water itself.  
One method to lengthen the device operation lifetime is removing oxygen, 
which can be realized either by taking measurements under vacuum [7] or 
depositing isolation layer above the gain medium to prohibit oxygen entering [8]. 
While it is unrealistic to perform the liquid based bio-experiment under vacuum, 
the encapsulated laser has demonstrated long working time (>10
7
 pulses in air 
ambient) with diminished laser performance, i.e., broader bandwidth, leading to a 
lower detection limit. Another option for improving the device lifetime is to 
explore photo-stable material, i.e., quantum dots or other fluorescent small 
molecules. A quantum dot is a small semiconductor that can emit light when 
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absorbing an incident photon. Its emission spectrum is dependent on its size and it 
demonstrated little bleach effect after excitation. However, its absorption 
spectrum is normally within the ultraviolet range, which is harmful for most 
biomolecules such as proteins.  
It has been reported in recent literature that polystyrene (PS) films doped 
with perylenediimide derivatives (PDIs) have great potential for the fabrication of 
organic DFB lasers with high photo-stability [9]. The PDIs (Figure 25 (a)) 
substituted at the imide nitrogen positions have shown very photo-stable 
amplified spontaneous emission (ASE) by optical pump, at low thresholds, when 
doped at low concentrations (0.5–1 wt%) into PS. The author reported that the 
maximum number of pump pulses in air ambient before the emission lasing 
intensity drops to 1/2 is ~10
5
 if the pump energy is around threshold. In future 
work, the R6G doped SU-8 thin layer can be replaced by the PDI doped PS thin 
film. Because they exhibit almost the same refractive index (nSU-8=1.58, nps=1.59) 
and a large overlap between the absorption and emission spectrum [9], similar 
laser performance is expected but with much longer working time. 
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Figure 25. (a) Chemical structure of the PDIs.  (b) Lasing intensity dropped as pumping time under different 
pumping energy [9]. 
 
5.2.2 Q-switched Nd-Yag laser stabilization 
As demonstrated in Figure 22, the SNR will influence the device noise. 
Therefore, the SNR should be a steady value; in other words, the lasing light 
intensity should remain stable. However, the lasing light intensity fluctuates in 
current instrumentation because there is an energy variation of the pump light. 
The variation ratio is 3:1 for the Q-switched Nd-Yag laser used in this work. The 
output energy variance was reported to depend on the gain fluctuation, which is 
the most sensitive when the laser is operated at threshold [10]. Such gain 
fluctuation is caused by the instability of the flash lamp used to pump the rod. A 
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system with feedback circuit was proposed to stabilize the gain and hence the 
output energy. There are commercially available Q-switched lasers with high 
repetition rate (up to 250 kHz) and stabilized output (<1% variance) [11]. Lower 
noise and more stable device performance can be expected with such robust Q-
switched laser replaced. 
5.3 Conclusion 
Although results of the biomolecular detection assay have demonstrated 
the great potential of the DFBLB system, there is still plenty of room to improve 
the device performance and to explore many applications. Previous calculations 
have shown that the liquid volume V probed by a single laser pulse can be as 
small as ~0.4 fL. Therefore, monitoring absorption and desorption from a small 
number of molecules is also possible by reducing the illumination area. Possible 
applications could extend to, for example, high throughput screening and high-
sensitivity detection of small molecules. The theoretical noise level required is 
shown to be smaller than 0.1 pm. Such low noise might be achieved by using 
photostable materials and more robust external pump sources. With the combined 
high values of both sensitivity and resolution, we are confident that the DFBLB 
device would make good contributions to health care and life science. 
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